ABSTRACT. Novel analogs of bortezomib were designed, synthesized and in vitro biological evaluation was carried out using human tumor cell lines A549 and PC3. Docking studies of these analogs of bortezomib was discussed. According to biological investigations, the inhibitors 4, 6, and 8 were found to be more potent than reference drug candidate bortezomib. A549 cell line showed significant sensitivity towards 4, 6, and 8 with IC 50 values 14.03, 18.5, and 12.4 nM, respectively, and PC3 cell line showed IC 50 values 26.1, 37.0, and 21.2 nM, respectively. The IC 50 values of bortezomib in these cell lines are 27.3 nM and 42.0 nM.
INTRODUCTION
The ubiquitin-proteasome pathway (UPP) plays an essential role in the maintenance of homeostasis in cells and organisms and it is responsible for the degradation of more than 80% normal and abnormal intracellular proteins. 1 The proteasome 26S complex is a large multiprotein complex with a molecular weight of 700 kDa present in both the cytoplasm and the nucleolus of all eukaryotic cells.
2 It is composed of two functional components, a 20S core catalytic complex and the 19S regulatory subunit. The 26S proteasome plays an essential role in the UPP by acting as the final proteolytic effect or of cellular proteins targeted by polyubiquitination for destruction. The realization that the proteasome is so critically related to the development of a number of major human diseases promoted research into the design and the synthesis of various proteasome inhibitors and the evaluation of their therapeutic potentials. In recent years, there has been a great deal of interest in proteasome inhibitors as novel class of anticancer candidates and some of them entered clinical trials such as bortezomib.
3
Bortezomib is a dipeptide boronic acid proteasome inhibitor. It effects the degradation of polyubiquitinated proteins destined for catalysis by the proteasome. The boronic acid moiety of bortezomib is thought to form a stable tetrahedral complex with the active site N-terminal threonine residue of the 20S β5 subunit. Bortezomib is very efficacious and more potent among the drugs used for treatment of multiple myeloma, invented by Millennium pharmaceuticals USA. Bortezomib was approved by the FDA for the treatment of patients with relapsed and refractory multiple myeloma (MM) approved in 2003 with at least one prior line therapy and for the treatment of mantle cell lymphoma (MCL, approved in 2006).
4,5
Multiple myeloma is a bone marrow cancer generally thought to be incurable, but remission may be induced with chemotherapy and stem cell transplants. It occurs more commonly in men. There are approximately 20,000 new cases of myeloma in the U.S. each year. At any time there are over 100,000 myeloma patients undergoing treatment for their disease in the U.S. Bortezomib shows significant antitumor activity in human tumor xenograft models. Experiments have demonstrated that bortezomib is cytotoxic to a variety of cancer cell types in vitro. Bortezomib causes a delay in tumor growth in vivo in non-clinical tumor models, including multiple myeloma.
The chemical name of bortezomib is [(1R)-3-methyl-1-[[(2S)-1-oxo-3-phenyl-2-[(Pyrazinylcarbonyl)amino]propyl]-amino]butyl
] boronic acid and its chemical structure is given below (Fig. 1) . Bortezomib is marked under the brand name Velcade ® (intravenous injection). Some interesting analogs of bortezomib were reported in recent literature. Yongqiang and coworkers, 6 synthesized and evaluated biological study of the some novel analogs of bortezomib. The general structure is depicted in Fig. 2 . Among the above compounds, the analogues where the 2-pyrazinyl moiety of bortezomib is replaced with 1,2,3,4-tetrahydronaphthyl and 5,6,7,8-tetrahydronaphthyl showed higher inhibitory activity against solid tumors.
The same authors also synthesized, and studied in vitro and in vivo biological activity of dipeptidyl boronic acid proteasome inhibitors composed of β-amino acids 7 . The general structure of these compounds is depicted in Fig. 3 . The synthesis and biological evaluation of tripeptide boronic acids as proteasome inhibitors has been reported
2-Pyrazinyl and L-leucinyl moieties of bortezomib are kept intact in this series of tripeptide boronic acids. In between 2-pyrazinyl and L-leucinyl moieties of bortezomib two different kinds of α-amino acids were introduced by peptide bond formation.General structure of tripeptideboronic acids shown in Fig. 4 .
A review of literature indicated that attempts were made to replace 2-pyrazinyl moiety with phenyl, tetrahydronaphthyl, methyl and tert-butoxy components. [6] [7] [8] No heterocyclic moiety was introduced for the replacement of 2-pyrazinyl fragment of bortezomib.
As the heterocyclic fragments play a vital role in biological activities of many pharmaceutical ingredients, we aimed to synthesize novel analogs of bortezomib by replacing the 2-pyrazinyl moiety with other heterocyclic ring systems and to study the biological activity of these analogs in vitro on human cell lines.
In this manuscript, we described the design, docking studies, synthesis, and in vitro cytotoxicity evaluation with human tumor cell lines A549 (lung cancer) and PC3 (prostate cancer) of novel analogs of bortezomib as potential anticancer agents.
RESULTS AND DISCUSSION

Molecular docking studies
We performed docking studies to screen the designed analogs of bortezomib. To date, several ligand-proteasome crystal complexes have been reported. [9] [10] [11] [12] We selected Cocrystal structure of 20S proteasome in complex with bortezomib for our studies. Cocrystal structures (PDB ID-2F16) demonstrate that protein consist of 28 chain. The docking process was carried out by Discovery Studio C-Docker program. The docking results offered useful information for understanding the interaction mode and potency of molecules. The protein and ligands for docking were prepared using software Discovery Studio2.5. The initial structure was derived from the crystal complex coordinates (PDB code-2F16). A set of ligand conformations were generated using high temperature molecular dynamics with random seed. For each final pose, CHARMm energy and interaction energy were calculated. First to test credibility of the developed docking procedure, the structure of bortezomib was docked into the binding pocket. As shown in the docking result, designed 10 analogs were docked in same binding site, by using above mentioned docking procedure.
Docking results
The structural formulas and docking results of novel analogs of bortezomib of present work are mentioned in Table 1 .
The above results revealed that out of ten docked analogs six compounds 3, 4, 5, 6, 8, and 9 are good and in turn 8 is more potent among them. Molecules 7 and 10 have been predicted to have moderate activity and molecule 1 and 2 are expected to be least active. In the above ten analogs we aimed to synthesize three more active (4, 6, 8) and two least active compounds (1, 2) to study biological activity using A549 and PC3 cell lines.
The alignment of novel analogues 3, 4, 5, 6, 8, and 9 with bortezomib (green) in binding site of protein is showed in Fig. 5 . Superimposition of analog 8 with reference molecule bortezomib (green color) is depicted in Fig. 6 . Hydrogen bonding and binding affinity of more potent analog 8 are depicted in Fig. 7 and Fig. 8 respectively.
Chemistry
The analogs of bortezomib studied involve introduction of 5-and 6-membered ring heterocyclic moieties in place of 2-pyrazinyl moiety. Ten novel analogues of bortezomib were designed by replacing 2-pyazinyl moiety of bortezomib with 2-thiophene, 3-thiophene, 2-tetrahydrofuran, proline, histidine, 4-nicotinyl, isonipecotyl, indole, tryptophan and isoquinoline residues. As indicated by docking studies compounds with 4-nicotinyl, 2-thienyl, 2-tetrahydrofuryl fragments (4, 6 and 8) are more potent and compounds with tryptophan, proline (1, 2) are least active, the remaining analogs being moderately active. Synthesis of analogs 4, 6, 8 of bortezomib involves coupling of (1R)-(1S,2S,3R,5S)-pinanediol leucine boronate trifluoroacetate salt (11) 13 with N-BOC-β-(1-phenyl)-L-alanine (12) in the presence of TBTU to yield (1S,2S,3R,5S)-pinanediol-N-BOC-β-(1-phenyl)-L-alanine-L-leucine boronate (13). The resulting compound was treated with EtOAc-HCl to yield BOC deprotected compound (1S,2S, 3R,5S)-pinanediol-β-(1-phenyl)-L-alanine-L-leucine boronate HCl (14) and was coupled with the corresponding carboxylic acid in the presence of TBTU to get dipeptidyl compound (15). Finally pinanediol moiety of above dipeptidyl compound (15) was deprotected with isobutyl boronic acid to afford corresponding dipeptidyl boronic acids 4, 6, and 8 (Scheme 1). The products were obtained in moderate yields with > 98% purity (HPLC).
In case of preparation of analogs 1 and 2 the corresponding Boc protected amino acids (16) have been employed to react with (1S,2S,3R,5S)-pinanediol-β-(1-phenyl)-L-alanine-L-leucine boronate HCl (14) to get compound 17. The BOC moiety of amino acid was deprotected with 1,4-dioxane-HCl to yield BOC-deprotected dipeptidyl boronate (18) and the resulting compound was treated with isobutyl boronic acid to get required bortezomib analogs 1 and 2 (Scheme 2).
The starting material (1R)-(1S,2S,3R,5S)-pinanediol leucine boronate trifluoroacetate salt (11) was prepared by homologation of (1S,2S,3R,5S)-pinanediol isobutyl boronate (19) using dichloromethane as reagent in the presence of a strong base like LDA (lithium diisopropylamide, prepared insitu by reacting n-BuLi 
Biological activity
Bortezomib and its analogs 1, 2, 4, 6, and 8 were dissolved in DMSO as a 10mM stock solution and diluted to required concentration with PBS (1X) (Phosphate Buffer Saline). Cytotoxicity analysis was carried out by using 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) dye reduction assay. The MTT kit received from promega and procedure followed by therein instructed. Exponential growing cells were exposed to bortezomib and 1, 2, 4, 6, and 8 for the indicated time. The druginduced cytotoxicity was assessed by the MTT assay. Lung cancer cell line and prostate cancer cell line (A549 and PC3 respectively) were treated with bortezomib and 1, 2, 4, 6, and 8 cell viability was measured.
Bortezomib and its analogs 1, 2, 4, 6, and 8 were added to cells and 72h later, cell viability was assessed by the thiazolylblue (MTT) assay. All experiments were performed in triplicates. After 72h of treatment bortezomib and its analogs potently induced cytotoxicity in cell lines was tested ( Fig. 9 and Fig. 10 ). Analogs 1,2,4,6 and 8 are (Table 2 ) and in PC3 cell line (Table 3) , whereas IC 50 values of analogs 1 and 2 were higher than the bortezomib.
The effect of bortezomib analogs on A549 and PC3 cell lines are depicted in Fig. 11 and Fig. 12 respectively. 
CONCLUSION
A total of ten novel analogs of bortezomib were designed by substituting the 2-pyrazinyl moiety with various 5-and 6-membered ring heterocycles. These were subjected to molecular modeling study to estimate the binding affinity with PDB ID 2F16 imported from protein data bank (PDB). The more potent analogs 4, 6, 8 and the least potent analogs 1and 2 were selected from docking studies to synthesize and evaluate biological activities. A549 (lung cancer) and PC3 (prostate cancer), were employed for cytotoxity studies, and IC 50 values were calculated. The results obtained from the activity study revealed that cytotoxicity of borterzomib analogs 4, 6, 8 are more than bortezomib, analogs 1 and 2 didn't show any cytotoxic effect. The results obtained from docking studies are concordant with biological testing results.
EXPERIMENTAL PROCEDURES
Docking studies
The protein and ligands for docking were prepared using software Discovery Studio 2.5 C-Docker program. The initial structure of bortezomib was derived from the crystal complex coordinates (PDB ID-2F16). The docking process was carried out by using Discovery Studio CDocker program. A set of ligand conformations were generated using high temperature molecular dynamics with random seed. For each final pose, CHARMm energy and interaction energy were calculated. To evaluate the developed docking procedure, the structure of bortezomib was docked into the binding pocket. As shown in the docking result, the ten analogs designed were docked in same binding site, by the above mentioned docking procedure. The results revealed that out of ten analogs six com-
Synthesis
All reactions were monitored by thin layer chromatography and carried out on 0.2 mm E. Merck silica gel plates (60F-254) using UV light as a visualizing agent. All solvents were obtained from commercial source and freshly distilled before use. Analytical HPLC was performed on a Waters system equipped with a UV detector set at 215 nm. 
Preparation of (1R)-(1S,2S,3R,5S)-pinanediol leucine boronate trifluoroacetate salt (11)
(+) Pinanediol-2-methylpropane-1-boronate (19, 60 g, 0.25 moles), tert-butyl methyl ether (300 mL), and methylene dichloride (112.5 g (84.9 mL), 1.32 moles) were charged into 2 L four necked round bottomed flask. The reaction mass was cooled to -65 to -60 o C using liquid nitrogen-acetone bath. LDA (lithium diisopropylamide) The above compound was taken to next step without further purification.
Lithium bis(trimethylsilyl)amide (20% in tetrahydrofuran), 226 mL (46 g, 0.27 moles) was charged into 1L four necked round bottomed flask and cooled to -25 to -20 o C using liquid nitrogen-acetone bath. A solution of (+) pinanediol(1S)-1-chloro-3-methylbutane-1-boronate (20, 70 g, 0.25 moles) in cyclohexane (150 mL) was added to the above reaction mass drop wise under nitrogen atmosphere during 60 min. The resulting yellow coloured solution was stirred for 65 min at -25 to -20 o C. Solvent was distilled off at 45 o C under reduced pressure to attain a cream to yellow coloured suspension. The resulting suspension was triturated with cyclohexane (120 mL) and filtered, and the residue was washed with diisopropyl ether (150 mL). The filtrate obtained contains (1R)-(S)-pinanediol-1-bis(trimethylsilyl)amino-3-methylbutane-1-boronate (21), which was taken to next step without product isolation.
Trifluoroacetic acid (77 g, 0.67 moles) and diisopropyl ether (500 mL) were charged into 2 L three necked round bottomed flask reaction mass was cooled to -10 o C (icesalt bath). The solution of (1R)-(S)-pinanediol-1-bis(trimethylsilyl)amino-3-methylbutane-1-boronate (21) obtained above was added drop wise to the reaction mixture. After completion of addition the reaction mass was stirred for 6-8 h at below 0 o C. The product was filtered from the reaction massand washed with diisopropyl ether to afford the required product (1R)-(1S,2S,3R,5S)-pinanediol leucine boronate trifluoroacetate salt (11) The solvent was distilled off at 40-45 o C under reduced pressure to obtain an oily product. The resulting crude product was dissolved in ethyl acetate washed with water (2×300 mL), 1% aq. H 3 PO 4 solution (390 mL), 2% aq. K 2 CO 3 solution (390 mL) followed by 10% aq. NaCl solution (350 mL). Organic layer was separated, dried over sodium sulphate and the solvent was evaporated under reduced pressure at 45 
Synthesis of novel bortezomib analogs 4, 6, and 8
For the synthesis of bortezomib analogs 4, 6, 8 the corresponding carboxylic acids 4-pyridinecarboxlic acid, thiophene-2-carboxylic acid, and tetrahydrofuran-2-carboxylic acid, were employed as substrates to couple with compound 14.
General procedure for the synthesis of compounds 4, 6, and 8 (1S,2S,3R,5S)-Pinanediol-β-(1-phenyl)-L-alanine-Lleucineboronate HCl (14, 1 mole equivalent), the corresponding carboxylic acid (1.1 mole equivalents), TBTU (1.1 mole equivalents) were charged into 3necked round bottomed flask along with methylene chloride. Reaction mass was cooled to 0-3 o C, then N,N-diisopropylethylamine (3.5 mole equivalents) was added drop wise to the above reaction mass under nitrogen atmosphere. The reaction mass stirred for 1h at 15-20 o C for completion of reaction. The reaction completion was essentially monitored by TLC.
Solvent from the reaction mass was distilled off at 40-45 o C under reduced pressure to obtain an oily liquid. The resulting product was dissolved in ethyl acetate washed with water, 1% aq. H 3 PO 4 solution, 2%aq. K 2 CO 3 solution, followed by 10% aq. NaCl solution. The organic layer was separated, dried over sodium sulphate and the solvent was evaporated under reduced pressure at 45 o C to afford required dipeptidyl pinanediol boronate compound (15) aspale yellow coloured residue.
The compound obtained above is dissolved in methanol, then was added isobutyl boronic acid (1.84 mole equivalents) in heptane. 1N aq. hydrochloric acid was added drop wise to the reaction mass and stirred for 16h at room temperature. Layers were separated, aq. layer was concentrated to attain white coloured suspension. The resulting suspension was dissolved in 2N aq. sodium hydroxide solution, and washed with methylene chloride. Aq. layer was separated, pH was adjusted to 6±0.5 with 1N aq. hydrochloric acid and the resulting precipitate was extracted into methylene chloride. Solvent was evaporated under vacuum to afford required product as white coloured foam. The foam was crystallized from suitable solvent to get pure product.
N-(4-Nicotincarbonyl-L-phenylalanine-L-leucineboronic acid (4) The compound (18) obtained above was dissolved in methanol, then was added isobutyl-boronic acid (1.84 mole equivalents) in heptane. 1N aq. hydrochloric acid was added drop wise to the reaction mass and stirred for 16h at room temperature. Layers were separated, aq. layer was concentrated to obtain white coloured suspension. The resulting suspension was dissolved in 2N aq. sodium hydroxide solution, and washed with methylene chloride. Aq. layer was separated, pH was adjusted to 6±0.5 with 1N aq. hydrochloric acid and the resulting precipitate was extracted into methylene chloride. Solvent was evaporated under vacuum to afford the required product as white coloured foam. The foam was crystallized from suitable solvent to get pure product. 
Biological activity
The MTT kit received from promega was used. A 549 (lung cell line) and PC3 (prostate cancer cell line) were obtained from American type culture collection and maintained in F12K medium (Hi-media) supplemented with 10% fetal bovine serum (SFC bioscience), 200 mM Lglutamine and 1000 units/mL penicillin/streptomycin (10 mg/mL) [Hi-media] in a humidified atmosphere of 5% CO 2 and 95% air.
Bortezomib and its analogs 1, 2, 4, 6, and 8 were dissolved in DMSO as a 10mM stock solution and diluted to required concentration with PBS (1X) (Phosphate Buffer Saline).
Cytotoxicity of Bortezomib and its analogs 1, 2, 4, 6, and 8: Cytotoxicity analysis was carried out by using 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) dye reduction assay. Exponential growing cells were exposed to bortezomib and its analogs 1, 2, 4, 6, and 8 for the indicated time. The drug-induced cytotoxicity was assessed by the MTT assay. Lung cancer cell line and prostate cancer cell line (A549 and PC3 respectively) were treated with bortezomib and its analogs 1, 2, 4, 6, 8 and cell viability was measured.
PC3 and A549 cells were seeded in 96 well plate the day before chemical treatment of concentration of 4×10 3 cells/ well and 1.25×10 4 cells/well respectively. The test samples were added to cells and 72h later the cell viability was assessed by the thiazolyl blue (MTT) assay. All experiments were performed in triplicates. After 72h of treatment the test compounds induced cytotoxicity of cell lines tested. The IC 50 values of analogs 4, 6, 8 were lower than the bortezomib in A549 Cell line and in PC3 cell line, whereas the IC 50 values of analogs 1 and 2 were higher than the bortezomib.
